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Cadherin-mediated cell–cell interactions are thought to be critical in controlling cell sorting during embryogenesis. Here,
we report that chimeric embryos generated with N-cadherin-deficient (N-cadherin2/2) embryonic stem cells develop further
than embryos completely lacking N-cadherin only when the myocardium consists of N-cadherin-positive cells. Initially, the
N-cadherin-negative and -positive cells mix together to form chimeric tissues; however, by embryonic day 9.5, the
N-cadherin2/2 cells segregate from the wild-type cells forming distinct aggregates. The chimeric embryos have large
aggregates of N-cadherin2/2 myocardial cells in the heart lumen, indicating that the cells are unable to maintain cell–cell
contacts with N-cadherin-positive myocytes. This sorting-out phenomenon also is apparent in somites, neural tube, and
developing brain where N-cadherin2/2 cells form distinct lumenal structures. These studies demonstrate that N-cadherin-
ediated adhesion is critical for maintaining cell–cell interactions in tissues undergoing active cellular rearrangements and
ncreased mechanical stress associated with morphogenesis. © 2001 Academic Press
Key Words: cell adhesion; morphogenesis; cell rearrangement; tissue segregation.s
m
t
b
e
f
d
T
mINTRODUCTION
The sorting-out of experimentally intermixed embryonic
cells and their subsequent reorganization into recognizable
anatomical structures were elegantly demonstrated by
Townes and Holtfreter nearly fifty years ago (Townes and
Holtfreter, 1955). Many explanations have been put forth to
explain this sorting-out phenomena, including the differen-
tial adhesion hypothesis proposed by Steinberg (1963). As a
means of determining whether cell sorting required the
segregating cells to express different adhesive recognition
systems, Steinberg investigated the theoretical behavior of
a model system—the “stochastic” or “site frequency”
model—in which the adhesive differentials postulated by
the differential adhesion hypothesis are due entirely to
quantitative differences in the expression of a single, ho-
mophilic adhesion system (Steinberg, 1963, 1964, 1970).
The question still remains, however, which cell adhesion
1 Present address: Institut Curie-Section Recherche, UMR146
CNRS, Bat 110, Centre Universitaire, F-91405 Orsay, France.
2 To whom correspondence should be addressed. Fax: (215) 573-
l408. E-mail: radice@mail.med.upenn.edu.
72ystems are operative in vertebrate embryonic cells to
ediate cell sorting during morphogenesis.
Classical cadherins are a family of cell-surface glycopro-
eins responsible for strong Ca21-dependent cell–cell adhe-
sion when localized to the zonula adherens or adherens
junction (Vleminckx and Kemler, 1999; Gumbiner, 2000).
Cadherins have a large extracellular domain consisting of
several characteristic cadherin repeats, a single transmem-
brane domain, and a highly conserved cytoplasmic domain.
The amino-terminal domain contains the cell adhesion
recognition sequence important for determining the speci-
ficity of cadherin self-association (Nose et al., 1990). Intra-
cellularly, classic cadherins interact with several proteins
called catenins, including a-catenin, b-catenin, plakoglo-
in, which mediate cadherin linkage to the actin cytoskel-
ton, and p120, which is thought to regulate cadherin
unction. Deletion analysis has shown that the cytoplasmic
omain is required for full cadherin activity (Nagafuchi and
akeichi, 1988).
Cadherin-mediated adhesion occurs primarily in a ho-
ophilic manner, i.e., cadherins on one cell interact withike molecules on an adjacent cell. In vitro aggregation
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73Cell Sorting in N-Cadherin-Deficient Chimeric Embryosexperiments have demonstrated that qualitative and
quantitative changes in cadherin expression can influ-
ence cell sorting behavior. For example, Takeichi and
coworkers demonstrated that transfected L-cells express-
ing either E- or P-cadherin segregate from each other
when mixed (Nose et al., 1988). Furthermore, cell lines
expressing the same cadherin to varying degrees can sort
out in vitro (Friedlander et al., 1989; Steinberg and
Takeichi, 1994). Recently, differential expression of DE-
cadherin between oocyte and follicle cells was shown to
be important in determining oocyte localization in the
Drosophila germline (Godt and Tepass, 1998; Gonzalez-
Reyes and St. Johnston, 1998).
Each member of the classic cadherin family exhibits a
specific spatiotemporal pattern of expression during em-
bryogenesis. Ectopic expression studies in Xenopus em-
bryos have demonstrated that correct regulation of
N-cadherin is important for normal morphogenesis
(Detrick et al., 1990; Fujimori et al., 1990). Clumping of
ectodermal cells and cellular disorganization of the neu-
ral tube were observed in the above experiments. More
recent studies have shown that injection of a dominant
negative cadherin into Pleurodeles waltl embryos leads
to supernumerary vesicles in the embryonic brain (Dela-
rue et al., 1998). In addition to N-cadherin, F-cadherin, a
type II classical cadherin, has been implicated in pattern-
ing the neural tube in Xenopus embryos (Espeseth et al.,
1998).
N-cadherin is widely expressed in tissues of the
postimplantation embryo, including somites, neural
tube, and heart. Consistent with its expression pattern,
targeted inactivation of the N-cadherin gene resulted in
embryonic lethality in mice (Radice et al., 1997). The
most dramatic cell-adhesion defect was observed in the
myocardium of the primitive heart with dissociated
myocytes surrounding the endocardium. Due to the se-
verity of the cardiovascular defect and early lethality, it
was not possible to evaluate the role of N-cadherin in
other cell lineages.
To further elucidate the primary modes of N-cadherin
function, we have used N-cadherin2/2 ES cells (Moore et al.,
999) to generate chimeric embryos composed of wild-type
nd N-cadherin-deficient descendent cells. Only chimeras
ith little or no contribution of mutant cells to the myo-
ardium were able to survive beyond the period when the
onstitutive N-cadherin-null embryos die. The behavior of
he N-cadherin2/2 cells in these chimeras was very striking.
he mutant cells segregated from wild-type cells and were
xcluded to the periphery in several N-cadherin-expressing
issues. Our results confirm the prediction of the “site
requency model” that a change in the expression of a single
dhesion molecule is sufficient to allow cells to segregate
rom one another. This is the first genetic evidence for
adherin-mediated sorting of vertebrate embryonic cells in
ivo.
Copyright © 2001 by Academic Press. All rightMATERIALS AND METHODS
Chimera Production
ES cell lines were isolated from embryos derived from
N-cadherin1/2 intercross matings as previously described (Moore et
al., 1999). In order to distinguish the mutant and wild-type cells at
the single cell level in situ, several independent ES cell lines were
transfected with the bacterial b-galactosidase (lacZ) gene driven off
the constitutive EF1a promoter, kindly provided by Dr. E. Morri-
sey, University of Pennsylvania. To determine which subclones
exhibited strong ubiquitous expression of the lacZ gene, 10 lacZ-
positive clones of each genotype were differentiated in vitro as
previously described (Robertson, 1987). Ten or fifteen N-cad-
herin1/2 or N-cadherin2/2 ES cells were injected into blastocysts
from C57BL/6-J mice (Bradley, 1987) by the Transgenic Core
Facility at the University of Pennsylvania.
b-Galactosidase Staining of Chimeric Embryos
Chimeric embryos were recovered, fixed in 0.2% glutaraldehyde,
and stained for b-galactosidase activity as previously described
(Ciruna et al., 1997). After whole-mount b-galactosidase staining,
chimeric embryos were postfixed in 4% paraformaldehyde and
photographed under a dissecting microscope. The embryos were
then dehydrated through an ethanol series and embedded in paraf-
fin according to standard procedures. Paraffin blocks were sec-
tioned at 6 mm, mounted on glass slides, dewaxed, and counter-
stained with Nuclear Fast Red (Vector Laboratories, Burlingame,
CA).
Immunohistochemistry
To avoid quenching of fluorescence by the X-gal precipitate,
several chimeric embryos were fixed overnight in freshly prepared
4% paraformaldehyde in phosphate-buffered saline (PBS), pH 7.4.
After rinsing in PBS, the embryos were dehydrated and embedded
in paraffin according to standard procedures. Sections (6 mm) were
ut and mounted on Superfrost slides (Fisher). The slides were
eparaffinized in xylene and rehydrated through an alcohol series,
nd then heated in 13 Antigen Unmasking Solution (Vector
aboratories) in a microwave oven (350 W) for 10 min to unmask
he epitope. The sections were washed in PBS, then 0.2% glycine/
BS, and again in PBS before blocking with 5% skim milk/PBS for
0 min. The slides were then incubated overnight at 4°C in a
umidified chamber in the blocking solution containing different
ntibodies which recognize either bacterial b-galactosidase (5
Prime33 Prime, Boulder, CO), N-cadherin (Zymed, South San
Francisco, CA), sarcomeric myosin (MF20), nestin (Rat-401), or
RC2 (Developmental Studies Hybridoma Bank, University of Iowa,
Iowa City, IA). After washing in PBS, the sections were incubated
with fluorescence-tagged (CY3 or FITC), species-specific secondary
antibodies (Jackson ImmunoResearch Laboratories, West Grove,
PA). The sections were washed in PBS and mounted for viewing
and photography with a fluorescence microscope.
RESULTS
ES cell lines were generated from the inner cell masses of
blastocysts isolated from intercrosses of N-cadherin1/2 ani-
mals (Moore et al., 1999). Two independent N-cadherin1/2
s of reproduction in any form reserved.
c
c
m
b
m
c
b
o
c
f
w
E
w
i
w
c
e
c
c
f
h
h
a
f
a
o
74 Kostetskii et al.and N-cadherin2/2 ES clones were transfected with the
bacterial lacZ gene driven by the constitutive elongation
factor 1a (EF1a) promoter (Kuo et al., 1997). The lacZ-
positive ES clones were differentiated in vitro to determine
which clones showed ubiquitous expression of the reporter.
One N-cadherin1/2 and two independent N-cadherin2/2 ES
lones exhibiting strong homogenous lacZ expression were
hosen for injection into blastocysts.
The chimeras generated from either N-cadherin1/2 or
N-cadherin2/2 ES cells showed great variations in the
extent of ES cell contribution to the embryo, with values
ranging from ,5% to almost 100% ES cell-derived, as
estimated by b-galactosidase staining. The majority of
chimeric embryos were examined at E9.5, when the
N-cadherin-null embryonic phenotype is most apparent
and chimeras were classified into two groups (Table 1).
Embryos with a high percentage of mutant cells in most
tissues, in particular the heart, were developmentally
delayed in comparison to similarly staged wild-type em-
bryos. These retarded embryos exhibited a distended
pericardial cavity with a malformed heart tube inside,
poorly developed head folds, and irregular somites (data
not shown). All of these properties are characteristic of
embryos that lack N-cadherin (Radice et al., 1997), indi-
cating that the developmental potential of the
N-cadherin2/2 ES cell lines had not been altered. Chi-
eric embryos with lower overall ES cell-derived contri-
ution and, most importantly, little or no contribution of
utant cells to the myocardium appeared morphologi-
ally normal.
Whole-mount b-galactosidase staining of chimeric em-
ryos revealed a striking pattern of well-defined aggregates
f N-cadherin2/2 cells dispersed throughout the embryo. In
omparison, N-cadherin1/2 cells displayed normal cell mor-
phology with diffuse distribution throughout the embryo
(Figs. 1A and 1B). This pattern indicates that N-cadherin2/2
cells were unable to interact with wild-type cells, resulting
in distinct self-aggregates of lacZ-positive cells most appar-
ent in the neural tube and developing brain. This cell-
sorting phenomenon was also apparent in the heart, where
compact clusters of N-cadherin2/2 cells appeared detached
rom the wild-type cells (Fig. 1D). In contrast, N-cadherin1/2
cells were elongated as normal cells and intermingled with
TABLE 1
Evaluation at E9.5 of the Frequency of Normal Development
among Blastocysts Injected with Heterozygous and Homozygous
N-Cadherin-Null ES Cells
ES clone no.
N-cadherin
genotype
Retarded
embryos
Normal
embryos
Total
embryos
M5 2/1 0 11 11
N7 2/2 42 14a 56
N4 2/2 22 15a 37Ea Little or no contribution to the myocardium.
Copyright © 2001 by Academic Press. All rightild-type cells (Fig. 1C). All chimeric embryos surviving to
9.5 displayed these N-cadherin2/2 aggregates with well-
defined borders.
To further investigate the distribution and behavior of
N-cadherin2/2 cells within a chimeric background, E9.5
chimeric embryos were histologically sectioned. Embryos
with varying numbers of ES-derived N-cadherin2/2 cells
were chosen for analysis, and all appeared phenotypically
normal. Extensive contribution of the N-cadherin2/2 cells
as observed in the neural tube and paraxial mesenchyme;
n contrast, the myocardium consisted of predominantly
ild-type cells (Figs. 2A and 2B). Surprisingly, large spheri-
al aggregates of N-cadherin2/2 cells were found detached
from the myocardial wall and relocated in the lumen of the
heart tube (Fig. 2D). This phenotype was never observed in
chimeras derived from N-cadherin1/2 ES cells (Fig. 2C). In
general, N-cadherin2/2 cells found in the heart were in the
ndocardial cell population which normally expresses VE-
adherin, not N-cadherin.
Neural tube formation is a dynamic process requiring
hanges in cell morphology and behavior. Initially, cuboidal
FIG. 1. Whole-mount analysis of b-galactosidase-stained chime-
ras at E9.5. Embryos derived from blastocysts injected with control
N-cadherin1/2 (A, C) or N-cadherin2/2 (B, D) ES cells were stained
or lacZ expression to discriminate ES cell-derived cells (blue) from
ost cells. Heterozygous cells were able to mix and interact with
ost cells throughout the embryo (A), including the heart (C,
rrow). In contrast, N-cadherin-deficient cells sorted out and
ormed distinct aggregates in the brain (B, arrowhead) and heart (D,
rrowhead). Note that only embryos with little or no contribution
f N-cadherin2/2 cells to the myocardial wall were able to survive
to E9.5. Scale bars, 500 mm (A, B), 200 mm (C, D).-cadherin-positive cells of the ectoderm elongate to form
s of reproduction in any form reserved.
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75Cell Sorting in N-Cadherin-Deficient Chimeric EmbryosFIG. 2. Histological analysis of whole-mount b-galactosidase-stained chimeric embryos. Transverse sections through the thoracic region
of E9.5 embryos show the distribution pattern of the N-cadherin1/2 (A) and N-cadherin2/2 (B) ES-derived cells. Note the myocardial wall in
the mutant chimera consists of N-cadherin-positive cells, allowing the embryos to survive to this stage. Mutant cells form an aggregate
(arrow) and detach from the wild-type myocytes (D), whereas the N-cadherin1/2 cells remain part of the myocardium (C). The elongated
euroepithelial cells are normally radially aligned at this stage (E), whereas mutant cells are segregated and excluded basally in the neural
ube. In sagittal sections of N-cadherin1/2 (G) and N-cadherin2/2 (H) chimeras, rosette-like structures of neuroepithelium (arrow) were
observed in the neural tube and brain (higher magnification inset). The exclusion of N-cadherin2/2 cells was also observed in somites (I, J).
he morphology and distribution of N-cadherin1/2 (K) and N-cadherin2/2 (L) lacZ-positive cells in E8.5 chimeric embryos were very similar.
igher magnification of the heart shows control (M) and mutant (N) myocytes interacting with wild-type cells in the myocardial wallarrow). h, heart; nt, neural tube; s, somites. Scale bars, 300 mm (A, B, G, H), 50 mm (C–F, H inset, I, J), 75 mm (K, L), 25 mm (M, N).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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76 Kostetskii et al.the neural plate and subsequently constrict at their apices
to form the neural tube. A switch from E- to N-cadherin
expression accompanies these morphogenetic changes with
N-cadherin expression eventually concentrated at the api-
cal surface of the neuroepithelial cells. Interestingly, in a
chimeric neural tube, N-cadherin2/2 cells were no longer
distributed radially like N-cadherin1/2 cells, but instead
were found segregated from the wild-type cells and were
basally located (Figs. 2E and 2F). In normal embryos, after
closure of the anterior neuropore along the midline, a
build-up of fluid pressure results in ballooning of the
embryonic brain and establishment of the three primary
vesicles. Strikingly, in chimeric embryos, N-cadherin2/2
cells were excluded from participating in neuropore closure
FIG. 3. Immunohistochemical analysis of heart aggregate in a
chimeric embryo. Histological section of a E9.5 chimeric heart
double-stained with antibodies against bacterial b-galactosidase (A)
and sarcomeric myosin (B). A cellular aggregate located in the
lumen of the heart costained for both antibodies (arrow) verifying
its muscle identity. As predicted from b-galactosidase staining (A),
he same detached aggregate (arrow) shown in a neighboring
ection does not express N-cadherin, whereas the surrounding
yocardium was N-cadherin-positive (C). Scale bars, 50 mm.and brain enlargement and instead formed distinct neuro-
Copyright © 2001 by Academic Press. All rightpithelial structures with a lumen that appeared detached
rom the surrounding wall of the developing brain (Figs. 2G
nd 2H). In addition, during somitogenesis when mesen-
hyme condenses to form epithelial structures,
-cadherin2/2 cells were excluded and segregated to the
periphery of the somites (Figs. 2I and 2J).
To determine when N-cadherin2/2 cells sort out from
FIG. 4. Various stages of segregation and exclusion of
N-cadherin2/2 neuroepithelial cells in chimeric embryos. Histolog-
cal sections of the developing E9.5 brain at approximately the level
f the optic vesicles. Sections were immunostained with either
nti-N-cadherin (A, C, E) or anti-nestin (B, D, F) antibodies. The
bsence of N-cadherin staining (arrowheads) along with the posi-
ive nestin staining (arrowheads) indicate regions of N-cadherin2/2
neuroepithelial cells. N-cadherin2/2 cells were observed at different
tages of segregation from the surrounding N-cadherin-positive
eural tissue. Distinct aggregates of N-cadherin2/2 cells located
basally (A, B), N-cadherin2/2 cells surrounded by N-cadherin-
positive cells, being pushed away (C, D), and finally, N-cadherin2/2
cells excluded from N-cadherin-positive neural tissue (E, F). Scale
bars, 50 mm.
s of reproduction in any form reserved.
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77Cell Sorting in N-Cadherin-Deficient Chimeric Embryoswild-type cells, chimeras were examined a day earlier
(E8.5). Chimeras derived from either N-cadherin1/2 or N-cad-
herin2/2 ES cells displayed a similar distribution pattern of
lacZ-positive cells throughout the embryo (i.e., no aggre-
gates). Histological sections of E8.5 embryos revealed that
N-cadherin2/2 and wild-type myocytes and neuroepithelial
cells, respectively, intermixed in a normal manner at this
stage (Figs. 2K–2N). These results indicate that cell–cell
interactions become more dynamic in these tissues be-
tween E8.5 and E9.5 concomitant with cardiac and neural
tube morphogenesis. The timing of the segregation of the
N-cadherin2/2 cells from the wild-type cells in the chimeric
embryos is consistent with the timing of the defects previ-
ously observed in the N-cadherin-null embryos (Radice et
al., 1997).
To verify the muscle identity of the lacZ-positive aggre-
gates observed in the heart, sections were immunostained
with antibodies that recognize bacterial b-galactosidase,
sarcomeric myosin (MF20), and N-cadherin. The detached
aggregate was entirely b-galactosidase-positive, demon-
trating the exclusion of N-cadherin-positive cells (Fig. 3A).
ore importantly, the aggregate was MF20-positive, con-
rming that it was derived from the myocardium and not
ome other tissue such as the endocardium (Fig. 3B). As
redicted from lacZ expression, the aggregate of myocytes
as negative for N-cadherin, whereas the surrounding myo-
ardium was positive for N-cadherin (Fig. 3C). In short, the
etached aggregate found in the lumen of the heart con-
isted entirely of N-cadherin-deficient myocytes.
Further examination of the neuroepithelium in the chi-
eric embryos revealed the dynamic nature of the cellular
nteractions between the N-cadherin-positive and -negative
ells. N-cadherin expression was positive throughout the
euroepithelium, except for distinct aggregates of
-cadherin2/2 cells. The aggregates, identified by lack of
N-cadherin staining (Figs. 4A, 4C, and 4E) and presence of
b-galactosidase (not shown), were observed at various stages
of their segregation and exclusion from the surrounding
N-cadherin-positive cells. In contrast to the N-cadherin-
positive neuroepithelial cells, N-cadherin2/2 cells lost their
orrect orientation as seen earlier at E8.5 (Fig. 2) and were
ound as distinct aggregates located basally within the
eural tissue (Fig. 4A). Invagination of N-cadherin2/2 neu-
oepithelium with N-cadherin-positive cells on each side
esulted in U-shaped structures apparently being forced out
f the neural tissue (Fig. 4C). Further segregation was
bserved when the N-cadherin2/2 cells formed an indepen-
dent vesicle structure alongside the N-cadherin-positive
neural tissue (Fig. 4E). To verify the neural identity of the
N-cadherin2/2 cells, sections were immunostained with an
antibody that recognizes the intermediate filament protein,
nestin (Hockfield and McKay, 1985). Regardless of their
location inside (Fig. 4B) or outside (Fig. 4F) the neural tissue,
the N-cadherin2/2 neuroepithelial cells, like wild-type cells,
xpressed the neural marker, nestin (Figs. 4B, 4D, and 4F).
n addition, the N-cadherin2/2 neuroepithelium expressed a
econd neural marker, RC2 (Mission et al., 1988; data not
Copyright © 2001 by Academic Press. All righthown), suggesting that loss of N-cadherin did not affect
arly neural differentiation.
DISCUSSION
In the present study, we have analyzed the effects of
removal of a single cell adhesion molecule, N-cadherin, on
intercellular adhesion during embryogenesis. Initially,
N-cadherin2/2 and wild-type cells interact with one another
n forming chimeric tissues; however, the situation changes
ramatically as the tissues undergo cellular rearrangements
nd increased mechanical stress associated with morphoge-
etic movements. The N-cadherin2/2 cells segregate away
from the wild-type cells, forming distinct aggregates. This
exclusion of N-cadherin2/2 cells is particularly apparent in
somites, neural tube, and heart of the chimeric embryos. In
addition, the morphogenetic behavior of the N-cadherin2/2
cells has been altered in the presence of wild-type cells,
resulting in novel anatomical structures. Compact aggre-
gates of N-cadherin-deficient myocytes were found in the
lumen of the heart tube of chimeric embryos. These aggre-
gates were not observed in constitutive N-cadherin-null
embryos, presumably due to the stress generated by the
abnormal hemodynamics of the malformed heart tube and
the lack of wild-type myocardial cells. In morphologically
normal chimeras, heart function is not impaired and
N-cadherin2/2 myocytes apparently rely on residual adhe-
ive activity to form aggregates that detach from the myo-
ardial wall. The timing of the segregation of the
-cadherin2/2 myocytes away from the wild-type myocytes
orresponds to the transition from simple cuboidal cells to
flattened, tightly associated myocardial cell layer.
In the brain, N-cadherin2/2 cells appear polarized, form-
ng distinct neuroepithelial structures with a lumen. Simi-
ar rosette-like structures were observed in teratomas de-
ived from N-cadherin2/2 ES cells (Moore et al., 1999). Our
ndings are consistent with those observed in chick em-
ryos after injection of anti-N-cadherin antibodies
Bronner-Fraser et al., 1992; Ga¨nzler-Odenthal and Redies,
998). In the chick experiments, cellular aggregates were
bserved within the lumen of the neural tube and develop-
ng brain. The sorting-out phenomena we observed in the
himeras occurred in the same tissues, exhibiting develop-
ental abnormalities in the constitutive N-cadherin-null
mbryos (Radice et al., 1997). Together, these findings
demonstrate a critical role for N-cadherin-mediated adhe-
sion in tissues undergoing active cellular rearrangement
such as distortion of the neuroepithelium during brain
vesicle formation. We conclude that other cell adhesion
molecules (e.g., N-CAM) are not sufficient to maintain
normal cell–cell interactions between N-cadherin-positive
and -negative cells in the chimeric embryos; however, these
molecules may play a role earlier in embryogenesis before
the aggregates are observed and in establishing and main-
taining the aggregates after their segregation from the
wild-type cells.
s of reproduction in any form reserved.
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78 Kostetskii et al.Quantitative differences in expression of cadherin mol-
ecules have been shown to regulate cell sorting in vitro
Friedlander et al., 1989; Steinberg and Takeichi, 1994). Our
himera results support these earlier findings of cadherin-
ased cell sorting demonstrated in vitro. Similar to the
educed expression of N-cadherin observed in N-cad-
erin1/2 animals (Y. Luo and G.L.R., unpublished data), we
redict that cells derived from N-cadherin1/2 ES cells will
express half as much N-cadherin compared to wild-type
cells, although this is impossible to prove in chimeric
embryos. Interestingly, N-cadherin1/2 and wild-type cells
ppeared to intermix normally in chimeric embryos despite
possible 50% reduction of N-cadherin. Hence, at least in
ivo, a greater reduction in N-cadherin is likely required to
romote differential cell adhesion and subsequent sorting.
n this regard, a hypomorphic allele expressing less than
0% of wild-type N-cadherin levels may prove valuable in
etermining how much N-cadherin adhesive activity is
ctually required for normal cell–cell interactions in vivo.
In addition to providing structural information, cadherin-
ediated adhesion is believed to activate signaling path-
ays, thus regulating tissue differentiation. For example,
-cadherin is thought to facilitate clustering of the fibro-
last growth factor receptor (FGFR), leading to activation of
he FGF signaling pathway (Green et al., 1996). The FGFR1
nd N-cadherin-null embryos both have neural tube defects
nd die around the same time (Yamaguchi et al., 1994;
adice et al., 1997). Interestingly, chimera analysis per-
ormed with FGFR12/2 ES cells resulted in ectopic neural
tructures (Ciruna et al., 1997; Deng et al., 1997). This is
eminiscent of the structures observed in our N-cadherin
himeras, supporting the idea that interactions between
-cadherin and the FGF signaling pathway are important
or morphogenesis of the neuroepithelium.
In summary, both quantitative as well as qualitative
ifferences in cell-adhesive properties involving cadherin
unction are likely responsible for establishing the correct
patial organization of embryonic cells. Furthermore, our
esults confirm the prediction of the “site frequency
odel” that change in the expression of a single adhesion
olecule is sufficient to allow cells to segregate from one
nother, leading to formation of distinct embryonic struc-
ures (Steinberg, 1963). Our findings provide the first ge-
etic evidence for differential expression of N-cadherin
ausing segregation and sorting-out of embryonic cells in
ivo.
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